Petrological study of eruptive units in two locations along the Gal apagos Spreading Center provides insight into how the rate of magma supply affects mid-ocean ridge magmatic systems. Study areas with lower magma supply (95 W) and higher magma supply (92 W) have similar spreading rates (53 and 55 mm a ) as a result of varying proximity to the Gal apagos hotspot. We use major and trace element compositions of glass and whole-rock samples, chemistry of mineral phases, and petrography to characterize parental magma variability, fractional crystallization and magma mixing in crustal reservoirs, and timescales of magmatic recharge relative to eruption. At the low magma supply study area, eruptible magma appears to be present only intermittently within the crust; magma recharge is probably infrequent, occurring with a periodicity of several hundred to one thousand years. The shallowest magma body in the crust is thought to be at $3 km below the seafloor, and lavas are restricted to a relatively limited compositional range (6Á2-9Á1 wt % MgO). Magmatic evolution at this location is probably dominated by processes occurring within a crystalrich mush, with limited subsequent residence in melt-dominated magma reservoirs. Eruptions here appear to be closely coupled to magmatic recharge events; lower MgO lavas have compositional trends controlled by mixing of low-and high-MgO magmas from compositionally distinct parents, and commonly contain both normally and reversely zoned crystals. In contrast, at the high magma supply study area, where a seismically imaged melt lens is located $1Á7 km below the seafloor, fractional crystallization within a melt-rich magma reservoir results in a larger range in major element compositions of the erupted magmas (2Á7-8Á2 wt % MgO) with less variation in trace element concentrations or ratios. Temperatures within the melt lens over the last several hundred years have varied by at least 100 C (1070-1170 C); cooling rates within the melt lens are estimated to be greater than 0Á5 C per year. Relatively low-MgO lavas have over-enrichments in Cl that are best explained by assimilation of brine associated with hydrothermal circulation within the overlying crust. Between magmatic recharge events, resident magma fractionates and feeds one or more low-volume fissure eruptions. Small bodies of magma may become isolated from the larger magmatic system in the crust, allowing more extreme degrees of fractionation, locally reaching basaltic andesite. This study demonstrates that persistent melt lenses at intermediate rates of magma supply need not be 'steady state'. The variations in magma composition among eruptive episodes at each location allow us to assess the temporal variability in magma reservoir properties at ridge segments along the Gal apagos Spreading Center, in the context of regional variations in magma supply.
INTRODUCTION
Spreading rate is a dominant control on magma supply along mid-ocean ridges. The time-averaged rate of magma supply to the crust can be calculated as the product of spreading rate and crustal thickness (Sinton et al., 2003) . Assuming a constant 6 km thickness of oceanic crust, full spreading rates varying from $5 to 145 mm a -1 correspond to variations in steady-state magma supply from 0Á03 Â 10 6 to 0Á87 Â 10 6 m 3 km -1 a -1 (Fig. 1 ). Variations in spreading rate along the global mid-ocean ridge system are accompanied by well-documented variations in crustal structure (e.g. Macdonald, 1982; Small, 1998) and characteristics of the volcanic eruptions that build the extrusive section of the oceanic crust. At fastspreading ridges with full rates greater than $80 mm a -1 , volcanic eruptions are typically smaller in volume, but occur more frequently and at higher average effusion rates, than at slower-spreading ridges (Bonatti & Harrison, 1988; Perfit & Chadwick, 1998; Singh et al., 1998; Sinton et al., 2002) . Seismic data suggest that a shallow, melt-rich lens overlies a larger, more continuous region of crystal-rich mush along much of the spreading axis at fast-spreading ridges (e.g. Sinton & Detrick, 1992; Dunn et al., 2000; Carbotte et al., 2013) . Magma residence within shallow crustal magma reservoirs promotes fractional crystallization and homogenization of parental magma compositions by magma mixing, leading to the eruption of dominantly aphyric lavas with widely varying degrees of fractionation (e.g. Sinton & Detrick, 1992; . With increasing degrees of fractional crystallization, the amount of compositional heterogeneity related to parental magma composition (e.g. variability of incompatible element or isotopic ratios) decreases, indicating magma homogenization concurrent with fractionation , a relationship that is well documented in Iceland (e.g. Maclennan, 2008) and has been recently quantified for mid-ocean ridge basalts (Shorttle, 2015) . Eruptions typically occur along axisparallel fissures, and the along-axis compositional variability of some eruptive units indicates that along-axis mixing within the magma reservoir is limited Bergmanis et al., 2007; Rubin et al., 2009; Goss et al., 2010; Moore et al., 2014) .
At lower spreading rates, seismic studies typically do not detect axial melt lenses, although low seismic velocities throughout the lower crust suggest the presence of small fractions of melt (e.g. Detrick et al., 1990; Sinton & Detrick, 1992; Dunn et al., 2005) . Nevertheless, even magma erupted at relatively slow-spreading ridges (full spreading rates <40 mm a -1 ) is typically not in equilibrium with mantle compositions, indicating that it has been modified prior to eruption (e.g. Stolper, 1980) , most probably during residence within the crust. It is unknown whether this modification occurs during magma ascent through crystal mush, or within melt lenses that are either too small or too intermittent to be Fig. 1 . Variations in rate of magma supply as a function of spreading rate. Lines show variations in rate of magma supply for crust of constant thickness (5 or 6 km). Time-averaged rate of magma supply is calculated as the product of spreading rate and crustal thickness, after Sinton et al. (2003) . Red line delineates variations in magma supply along the hotspot-influenced Gal apagos Spreading Center; crustal thicknesses used to calculate rate of magma supply are from Canales et al. (2002) . Locations where known spreading rates and crustal thickness can be used to calculate the rate of magma supply are marked by squares (normal ridges) and diamonds (ridges with anomalous rates of magma supply). Crustal thicknesses used to calculate rates of magma supply are from Jokat et al. (2003) (Gakkel) ; Klingenhö fer et al. (2000) (Mohns); Muller et al. (1999) (Southwest Indian Ridge); Navin et al. (1998) (Reykjanes Ridge); Staples et al. (1997) , Allen et al. (2002) and Weir et al. (2001) (Iceland) ; Seher et al. (2010) (MidAtlantic Ridge); Carbotte et al. (2008) (Juan de Fuca Ridge); Barth & Mutter (1996) and Aghaei et al. (2014) (Northern East Pacific Rise); Canales et al. (1998) and Grevemeyer et al. (1998) (Southern East Pacific Rise); Hallenborg et al. (2003) (ODP Site 1256) . It should be noted that the Lucky Strike segment of the Mid-Atlantic Ridge may be influenced by the Azores hotspot, and also exhibits within-segment melt focusing causing along-axis variations in crustal thickness (Seher et al., 2010) ; the Juan de Fuca Ridge is influenced by the Cobb hotspot (Carbotte et al., 2008) .
seismically imaged (e.g. Sinton & Detrick, 1992; Kelemen & Aharanov, 1998) . Because most slowspreading ridges appear to lack steady-state melt lenses containing eruptible magma, it has been suggested that eruptions there should be more closely tied to magmatic recharge (Sinton & Detrick, 1992) .
Variations in magma supply also can be decoupled from spreading rate variations. At spreading ridges affected by hotspots, elevated rates of magma supply result in the production of anomalously thick, and unusually shallow oceanic crust; such elevated rates represent local perturbations to the global magma supply array (Fig. 1) . For example, the proximity of the Icelandic plume to the Mid-Atlantic Ridge causes crustal thickness to increase from 7Á5 km at 57 45'N (Navin et al., 1998) to 11 km at 62 40'N (Weir et al., 2001) and 19 km at 65 45'N (Staples et al., 1997) , and crustal thickness may reach 46 km at the peak of plume influence (Allen et al., 2002) ; spreading rates remain relatively constant throughout this region at 18-20 mm a -1 (DeMets et al., 2010) . Similarly, along the Gal apagos Spreading Center (GSC), the influence of the Gal apagos hotspot causes crustal thickness to increase from $5Á7 km at 97 W to $7Á9 km at 91Á5 W Detrick et al., 2002) , whereas spreading rates vary only from 51 to 55 mm a -1 (DeMets et al., 2010) . In contrast, anomalously thin crust is produced at ultraslowspreading ridges [e.g. Gakkel Ridge (Jokat et al., 2003) , Mohns Ridge (Klingenhö fer et al., 2000) , Southwest Indian Ridge (Muller et al., 1999) ] and near fracture zones (e.g. Detrick et al., 1993) (Fig. 1) . Anomalously low magma supply rates in these regions have been attributed to greater conductive cooling of the upper mantle, limiting mantle melt production to greater depths (e.g. Niu & Hé kinian, 1997; White et al., 2001) .
Most of the above discussion integrates information from regional studies of particular ridge sections representing many repeated, but generally unknown, cycles of magma recharge, differentiation, eruption and tectonic activity. In contrast, petrological and geochemical studies of sample suites from single mid-ocean ridge eruptions provide unique snapshots of the nature and spatial variation of sub-seafloor magma reservoirs at a specific time (e.g. Perfit & Chadwick, 1998; Rubin et al., 2001; Sinton et al., 2002; Bergmanis et al., 2007; Goss et al., 2010; Moore et al., 2014) that are free of the effects of long-term variability implicit in regional studies. In a previous study, we prepared geological maps of lava flow fields emplaced during single eruptive episodes at two locations along the GSC with contrasting rates of magma supply (Colman et al., 2012) . We now investigate magma reservoir processes and the nature and timescales of magmatic recharge relative to eruption at these sites by documenting the mineralogy, mineral textures and compositions, and major and trace element variations among samples from these lava flow fields. At each location, we assess the relative importance of fractionation, magma mixing, crustal assimilation, and magmatic recharge in controlling erupted compositions. In particular, the eruption-scale approach allows us to document whether and how these processes vary along axis and through time.
GEOLOGICAL SETTING: GAL APAGOS SPREADING CENTER
The GSC is an east-west-trending, intermediatespreading ridge in the eastern equatorial Pacific Ocean (Fig. 2) . Seafloor spreading along the GSC began at $25 Ma (Hey 1977) , and has been strongly influenced by the presence of the Gal apagos hotspot, which is located $200 km to the south of the ridge near 91Á5 W (e.g. Wilson & Hey, 1995) . The average rate of magma supply to the crust increases with proximity to the hotspot, with thicker crust , shallower axial depths , a shallower and stronger seismic melt lens reflector (Blacic et al., 2004) , and a transition in spreading center morphology from an axial valley to an axial high as the hotspot is approached (Sinton et al., 2003) .
Geochemical and isotopic variations along the western GSC (i.e. west of the Gal apagos Transform near 91 W) show increasing enrichments of elements that are incompatible during mantle melting with proximity to the hotspot, as well as more radiogenic Sr and Pb isotopic compositions, and less radiogenic Nd and Hf isotopic compositions (e.g. Schilling et al., 1982 Schilling et al., , 2003 Cushman et al., 2004; Ingle et al., 2010) . Some researchers have attributed these variations to mixing of varying amounts of depleted and enriched mantle endmembers (Schilling et al., 1982 (Schilling et al., , 2003 , whereas others have attributed them to lower mean extents of mantle melting near the hotspot caused by an additional deep zone of low-degree hydrous melting (Asimow & Langmuir, 2003; Cushman et al., 2004; Ingle et al., 2010) or to progressive melting of the plume during lateral outflow (Shorttle et al., 2010) . Superimposed on variations in parental magma composition along the length of the GSC are variations in the degree of fractionation reached prior to eruption (as indicated, for example, by MgO content and geochemical indices of feldspar removal), with greater and more variable degrees of fractionation occurring near the hotspot (Schilling et al., 1982; Cushman et al., 2004; Ingle et al., 2010) . In addition, local variations in mantle melting and magmatic differentiation are found in association with propagating rifts along the GSC (Christie & Sinton, 1981 , 1986 Schilling et al., 1982; Sinton et al., 1983; Rotella et al., 2009; Wanless et al., 2010) .
STUDY AREAS
This investigation is based on samples from study areas at 92 W and 95 W (Figs 2 and 3) collected primarily using the manned submersible vehicle Alvin during the Gal apagos Ridge Undersea Volcanic Eruptions Expedition in 2010 (Colman et al., 2012) . The 92 W study area is typical of relatively high magma supply regions of the GSC, with $7Á3 km thick crust . The spreading axis is located at the crest of a broad axial rise (Sinton et al., 2003) , within a shallow axial graben (10-40 m deep) (Colman et al., 2012) . A melt lens 1-1Á5 km wide has been imaged $1Á7 km below the seafloor (Blacic et al., 2004) . In contrast, the spreading axis at 95 W is located within a deeper ($300 m) and wider axial graben (Sinton et al., 2003) , and seismic studies have not detected melt lens reflectors at that location (Blacic et al., 2004) . However, magma residence depths prior to the last three eruptions in this region have been estimated to be 3-3Á4 km below the seafloor, based on H 2 O and CO 2 saturation pressures of olivine-hosted melt inclusions (Colman et al., 2015) .
Within each study area, Colman et al. (2012) used onbottom visual observations, high-resolution bathymetry data, and glass compositions to map the most recently erupted lava flow fields. These datasets provide information about relative ages (as indicated by superposition, sediment cover, and fault density), eruption characteristics (as indicated by identification of vents, flow structures, and lava morphology), and parental magma compositions (when combined with petrological modeling, discussed below). Each mapped flow field comprises lavas that are similar in age, define coherent compositional trends, and were erupted from a spatially related set of vents (Colman et al., 2012) . We focus here on the eight best mapped and sampled eruptive units from each study area, among which the relative age relationships are known (Fig. 3) . We also compare data from these eruptions with the full sample set from each segment to place these eruptions within a regional context. Mapping and sampling methods and more detailed descriptions of each flow field, along with constraints on their relative ages, have been given by Colman et al. (2012) ; additional temporal constraints have been given by Bowles et al. (2014) .
Low magma supply study area, 95 W
In the central region of the low magma supply study area, a sequence of four eruptive units that probably represents several thousand years of eruptive activity displays diverse eruptive styles and compositions (Colman et al., 2012) (Fig. 3a) . The most recent eruption in this region emplaced the Frijoles flow field, a discontinuous chain of pillow mounds centered within the axial graben. The heights and volumes of the mounds increase towards the middle of the chain at 94 55'W, where eruptive activity apparently focused; the smallest mound near 94 58'W rises less than 10 m above the surrounding seafloor, whereas the largest near 94 55'W is $250 m tall. The previous eruption emplaced the Del Norte flow field; lava erupted from a fissure to the north of the inner axial graben and flowed to the south via a series of channels and inflated flows, ponding within the axial graben. At its western edge, Del Norte overlies part of the relatively small and older Drag on pillow mound complex, which is centered within the inner axial graben. To the east of Del Norte and Frijoles is the Pinguino seamount. Pinguino is older than Del Norte, and probably also predates Drag on based on relative sediment cover, but the lack of contact relationships between Pinguino and Drag on precludes a definitive relative age determination.
Petrological data on four other eruptive units from this study area also are included here, although their ages relative to the aforementioned four-eruption sequence are unknown (Fig. 3a) . To the west, the Buho seamount and associated smaller pillow mounds form the most recent eruptive unit. An older cluster of pillow mounds make up the Pulgar flow field, which is located between Buho and Drag on. To the east of Pinguino is another relatively old seamount, Tortuga, and the younger Altares flow field, a cluster of pillow mounds that is somewhat elongate parallel to the spreading axis. . Eastward shoaling and development of axial rise spreading center morphology with proximity to the Gal apagos hotspot should be noted. Maximum plume influence is observed from 91Á3 to 92Á3 W . Black rectangles mark locations of detailed study areas. Inset, location of GSC in eastern equatorial Pacific Ocean. W, the low magma supply study area and (b) 92 W, the high magma supply study area. Relative ages of flow fields at each study area are shown in stratigraphic order in legends. Cocodrilo's stratigraphic position is known within both the central and eastern eruptive sequences at the high magma supply study area, so it is shown within both sequences in the legend. White circles, sample locations; not all samples have been assigned to mapped eruptive units. Eruptive units from Colman et al. (2012) .
High magma supply study area, 92 W At the relatively high magma supply study area, we focus on eight flow fields erupted over the last several hundred years (Bowles et al., 2014) (Fig. 3b) . Hightemperature hydrothermal vents and spatially associated diffuse flows that were active at the time the samples were collected attest to the relative magmatic vigor of the segment. The most recent eruption in this region emplaced the Niños flow field. Sheet flows were probably erupted early in the eruption, followed and overlain by a narrow pillow ridge that stretches 6Á1 km discontinuously along axis (McClinton & White, 2015) . The preceding eruption emplaced the Empanada flow field, which includes sheet flows, in addition to a pillow mound that is the largest eruptive edifice in the region.
To the east and west of Empanada are the older pillow ridges of the Calor flow field. Three other eruptive units have been partially buried by more recent eruptions and are exposed farther off-axis; in order of increasing age, these are Cocodrilo, Iguana, and Cobija. Farther to the east, two other eruptive units are less sedimented and faulted, and thus relatively recent (Fig. 3b) . The Gusanos flow field consists of two small pillow ridges, centered on axis. Three small pillow mounds make up the Dulces flow field, also centered on axis; these mounds appear to be slightly younger than Gusanos. Although direct contacts have not been observed among these eastern flow fields and the Niños, Calor, or Empanada flow fields to the west, all are known to be younger than the Cocodrilo flow field. Gusanos is also probably younger than Calor, based on the relative amounts of faulting within the flow fields.
Geomagnetic paleointensity indicates that the Niños, Empanada, and Calor flow fields all were erupted 50-200 years ago, whereas Cobija is $400 years old (Bowles et al., 2014) . Because Dulces and Gusanos stratigraphically overlie Cocodrilo, and Cocodrilo is younger than Cobija, the complete sequence of eight flow fields at this location must have been erupted in the last $400 years (Bowles et al., 2014) .
METHODS
Electron microprobe (EMP) analyses of major and minor elements in 331 glass samples were published by Colman et al. (2012) . In the current work we performed additional compositional analyses on representative samples from each study area: 84 whole-rock samples by X-ray fluorescence (XRF) and 43 glass samples by inductively coupled plasma mass spectrometry (ICP-MS). Cl contents of 26 glass samples were determined by EMP analysis. Major and minor element compositions of mineral phases (olivine, plagioclase, and clinopyroxene, where present) were analyzed by EMP in selected samples from several of the eruptive units at each study area. 
Whole-rock major and trace element analyses
Forty-one samples from 95 W and 43 samples from 92 W were selected for whole-rock analysis using the University of Hawai'i Siemens 303AS XRF spectrometer. Selected samples comprise 2-11 samples per eruptive unit, chosen to encompass the major element compositional range of each major eruptive unit, as well as samples that lacked glassy rinds for EMP analysis. Whole-rocks were crushed using a tungsten carbide-plated hydraulic rock splitter. Rock chips were then washed in distilled water and dried. Macroscopically fresh rock chips were picked, avoiding chips with alteration, rinds, and large mineral grains, and powdered in an alumina mill. Major elements were analyzed on fused disks following methods described by Norrish & Hutton (1969) ; trace elements were analyzed on pressed pellets, following methods similar to those of Chappell (1991) . Reproducibility for this instrument with these methods has been reported by Sinton et al. (2005) . Representative sample analyses from each study area are provided in Table 2 ; standard data and the full sample dataset are provided in the Supplementary Data.
Glass chlorine analyses
A subset of 26 glass samples, 21 of which were from 92 W, was selected for Cl analysis by EMP on the JEOL JXA-8500F field-emission electron microprobe at the University of Hawai'i. Five points were analyzed per sample; results were averaged (Table 3 ). Peak and background counting times were 30 s each. Analyses were performed at an accelerating voltage of 15 keV, 20 nA beam current, and 10 lm beam diameter. A fluorapatite standard (USNM 104021) was used for calibration. Reproducibility (2r) based on repeat analyses of basaltic glass standard VG2 is 16% relative. One sample (AL4598-08) that had previously been analyzed for Cl by ion microprobe (Colman et al., 2015) was reanalyzed for comparison; results agree within analytical precision.
Glass trace element analyses
Two to four samples per eruptive unit (totaling 21 samples from 95 W and 22 from 92 W) were selected for additional trace element analyses by ICP-MS using the University of Hawai'i VG Element 2 instrument. Macroscopically fresh and aphyric glass chips were picked under a stereomicroscope, washed in a sonic bath, and rinsed in alcohol and distilled water. Glass chips were then digested in an ultrapure (sub-boiling distilled) 1:2 HF-HNO 3 solution and dried to a paste, then dissolved in 6N HCl and dried, then alternately dissolved in 8N HNO 3 and dried three times, and finally dissolved in 1Á5N HNO 3 . Calibration was performed using rock standards BIR-1, BCR-1, and BHVO-1 at the beginning and end of each run. B, In, Tl, and Bi internal standards were used to correct for in-run drift. An in-house standard (Kilauea basalt K1919) was run after every five samples and used to normalize sample compositions analyzed on different days. Representative analyses from each study area are presented in Table 4 . Average values of BHVO-1 (run as an unknown), standard data, and the full sample dataset are provided in the Supplementary Data.
Mineral chemistry
Major and minor element compositions of olivine, plagioclase and clinopyroxene crystals were analyzed with the JEOL JXA-8500F field-emission electron microprobe at the University of Hawai'i. Olivine peak counting times were 100 s for Si, Ni, Mg, and Ca, 60 s for Mn, and 30 s for Fe. Background counting times were 90 s for Si, Ni, Mg, and Ca, 60 s for Mn, and 30 s for Table 5 . Ten olivine crystals were analyzed in each of 18 thin sections (13 from 95 W; five from 92 W). In most cases, three points near the crystal's core and two points near the rim were analyzed. Rim and core compositions presented in the Supplementary Data are averages of the rim and core analyses within each crystal, respectively. In analyses of highly skeletal olivine crystals, we do not differentiate between cores and rims.
Peak and background counting times for plagioclase analyses were 50 s for Ca, Fe, and K, 30 s for Al and Mg, and 20 s for Si and Na. Analyses were performed using a 10 lm beam diameter, 15 keV accelerating voltage, and 10 nA beam current. Samples were calibrated using mineral standards anorthite (Si, Ca, Al), San Carlos olivine (Fe, Mg), and orthoclase (K). Two plagioclase standards were run as unknowns repeatedly to monitor instrumental drift. Average values for the Lake County labradorite standard (USNM 115900) and Great Sitkin Island anorthite standard (USNM 137041) are compared with accepted values from Jarosewich et al. (1980) in Table 5 . Ten plagioclase crystals were analyzed in each of 12 thin sections (seven from 95 W; five from 92 W).
In most cases, three points were analyzed near each crystal core and two points were analyzed near the rim. Rim and core compositions presented in the Supplementary Data are averages of the rim and core analyses within each crystal, respectively. Peak and background counting times for clinopyroxene were 30 s for all elements (Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K). Analyses were performed using a 10 lm beam diameter, 15 keV accelerating voltage, and 15 nA beam current. Samples were calibrated using mineral standards diopside (Si), titanite glass (Ti), Kakanui augite (Al, Ca), chromite (Cr, Mg), Verma garnet (Fe, Mn), Amelia albite (Na), and orthoclase (K). Diopside and Kakanui augite standards were run as unknowns throughout the analyses to monitor instrumental drift. Average values for the Kakanui augite standard are compared with accepted values from Jarosewich et al. (1980) in Table 5 . Ten clinopyroxene crystals were analyzed in each of 10 thin sections (seven from 95 W; three from 92 W). In most cases, three points near the crystal's core and two points near the rim were analyzed. Rim and core compositions presented in the Supplementary Data are averages of the rim and core analyses within each crystal, respectively.
RESULTS

Petrological variations at each study area in the context of regional trends Major elements
Whole-rock (XRF) compositions of samples from both study areas are generally within analytical error of the previously published glass (EMP) analyses (Colman et al., 2012) . A notable exception is Na 2 O, which is consistently lower in the XRF dataset than in the EMP dataset. Al 2 O 3 is commonly higher in the XRF analyses, particularly in samples with abundant plagioclase (e.g. Frijoles, Pulgar, Altares, Dulces), most probably as a result of accumulation of plagioclase in the whole-rock samples. Samples from 95 W have a higher average, and more limited range in MgO (whole-rock 6Á6-8Á8 wt %; glass 6Á2-9Á1 wt %) than samples from 92 W (whole-rock 2Á8-8Á2 wt %; glass 2Á7-8Á2 wt %) (Fig. 4) . At a given MgO content, samples from 95 W have lower Al 2 O 3 , TiO 2 , Na 2 O, K 2 O, and P 2 O 5 contents than those from 92 W (Fig. 4) , consistent with the regional increase in incompatible element contents with proximity to the hotspot (Schilling et al., 1982 (Schilling et al., , 2003 Cushman et al., 2004; Ingle et al., 2010 and TiO 2 decrease with decreasing MgO. These trends are generally consistent with a crystallization sequence in which Ca-rich clinopyroxene joins olivine and plagioclase at 7Á4 or 7Á9 wt % MgO, followed by Fe-Ti oxides at $4Á2 wt % MgO (Fig. 4) . MgO contents decrease throughout this crystallization sequence, so that lower MgO contents correspond to greater degrees of differentiation. Lavas sampled at both study areas are predominantly basalts, with 47-52 wt % SiO 2 . Samples with greater than 12 wt % FeO* and 2 wt % TiO 2 , classified as FeTi basalts (Byerly et al., 1976) , are more abundant at the high magma supply study area, consistent with greater average degrees of fractionation at that location (Colman et al., 2012) . Basaltic andesites were also sampled at the high magma supply study area, although not at the low magma supply study area (Colman et al., 2012) . Cushman et al. (2004) classified GSC samples as normal mid-ocean ridge basalt (N-MORB), transitional (T-)MORB, and enriched (E-)MORB on the basis of K/Ti and K 2 O, where N-MORB have K/Ti < 0Á09, E-MORB have K/ Ti > 0Á15 and K 2 O > 0Á25 wt %, and T-MORB are intermediate between the two groups. All samples collected within the 92 W study area are E-MORB, with K/Ti ranging from 0Á15 to 0Á56 (Fig. 4) . The majority of samples from 95 W are T-MORB, although several samples classify as N-MORB, with K/Ti ranging from 0Á06 to 0Á09 (Fig.  4) . These geochemical differences are consistent with the geographical distributions of N-, T-, and E-MORB described by Cushman et al. (2004) and Ingle et al. (2010) , wherein E-MORB were sampled only east of 92Á7 W and T-MORB only east of 95Á7 W (Cushman et al., 2004) . In the more recent classification scheme of Gale et al. (2013) , all samples from 92 W are T-MORB; samples from 95 W are T-MORB and depleted (D-)MORB.
Trace elements
Incompatible trace element abundances are generally higher at the same MgO content in the high compared with the low magma supply study area ( Fig. 5 ). At high MgO contents, heavy rare earth element (HREE) concentrations are similar at the two study areas (e.g. at MgO > 6Á5 wt %, samples from 92 W have 2Á4-3Á4 ppm Yb, compared with 2Á5-3Á8 ppm Yb in samples from 95 W), but higher HREE concentrations occur (e.g. up to 8Á7 ppm Yb) at the lowest MgO contents found at 92 W (Fig. 6 ). In contrast, light REE (LREE) concentrations are uniformly elevated at the high magma supply study area relative to the low magma supply study area (e.g. 92 W samples have 7Á1-22Á2 ppm La, whereas 95 W samples have 1Á7-4Á7 ppm La) (Fig. 6) . Additionally, ratios of highly to moderately incompatible elements are elevated at the high magma supply study area relative to those from the low magma supply study area (Fig. 7) . These observations are consistent with regional compositional variations (Ingle et al., 2010) .
At both study areas, the transition metals Cr and Ni decrease with decreasing MgO, consistent with 
removal of olivine and pyroxene; Co decreases gradually until oxides begin to crystallize, and there is a maximum in Sc at $ 7Á5 wt % MgO (Fig. 5) 
Petrography and mineral chemistry
Lavas are generally more crystal-rich and contain larger crystals at the low magma supply study area, consistent with regional trends along the GSC (Behn et al., 2004) , although nearly aphyric lava flows (<1% crystals) are present at both locations (Table 1 ) . Samples with > 7Á9 wt % MgO (glass composition) are generally olivine 6 plagioclase-phyric (Fig. 8) .
Clinopyroxene is present in samples with < 6Á8 wt % MgO (glass composition) at 92 W, and in samples with < 7Á9 wt % MgO at 95 W, generally consistent with observed glass chemical variations (Fig. 4) .
Olivine rim compositions span a wider range at the high magma supply study area, extending to lower forsterite contents at 92 W; Fo 80-85 at 95 W), consistent with the greater range in MgO of lavas at 92 W ( Fig. 9a and d) . The forsterite content of olivine rims at each study area is generally consistent with that predicted to be in equilibrium with the carrier melt (Roeder & Emslie, 1970) (Fig. 9a) . At the low magma supply study area, both normally and reversely zoned olivine crystals are common, and morphologies range from skeletal to euhedral (Fig. 10) . In contrast, olivine crystals within most eruptive units at the high magma supply study area are essentially unzoned, and typically have skeletal morphologies, locally intergrown with lathshaped plagioclase crystals (Fig. 11) .
Like olivine, plagioclase rim compositions are more variable, and range to more evolved compositions (lower An content) at the high magma supply study area (An 53-89 at 92 W) compared with those from the low magma supply area (An 69-87 at 95 W) ( Fig. 9b and e) . At a given anorthite content, plagioclase at the high magma supply study area has greater K 2 O, consistent with higher K/ (Ca þ Na) in glasses at 92 W (Fig. 9e) . At both study areas, plagioclase occurs with variable morphology ranging from blocky to tabular to lath-shaped (Figs 10 and 11). Oscillatory zoned plagioclase also occurs at both study areas, although not in every eruptive unit.
Pyroxene composition and morphology are highly variable at both study areas (Fig. 9c) . Some pyroxenes exhibit concentric zoning (both normally and reversely zoned pyroxenes occur at both study areas); in these crystals, Mg-rich zones are relatively enriched in Cr and depleted in Ti, Al, and Fe. Other crystals are sector zoned (Figs 10 and 11); in these crystals, zones that are high in Mg are typically high in Fe, and low in Ti and Al.
Variations within eruptive units at 95 W Compositional variations
Limited compositional variation (glass range of 0Á2-1Á0 wt % MgO) occurs within each of the well-sampled eruptive units at 95 W (Colman et al., 2012) . Among the eruptive units, K/Ti ranges from $0Á07 to 0Á14 at 8Á5 wt % MgO (Fig. 12) . The spread of K/Ti among the eruptive units at nearly constant MgO requires several distinct parental magmas (i.e. with different melting conditions and/or source compositions), and/or mixtures thereof, feeding this segment (Fig. 12 ). Eruptive units with relatively high K/Ti also have elevated Nb/Zr and La/Sm (Fig. 12) , consistent with an incompatible trace element enriched parent magma. In addition to having distinct incompatible element ratios at the same high MgO, Drag on, Buho, and Del Norte also have different CaO and FeO* contents (Fig. 12) .
Several eruptive units (e.g. Drag on, Del Norte, Pulgar, Tortuga) show little variation in MgO. Buho, one of the largest units in the area, is a notable exception, with glass ranging from 7Á5 to 8Á6 wt % MgO; over this range, there are slight increases in CaO, K 2 O, and TiO 2 with decreasing MgO, but K/Ti remains constant within analytical uncertainty (Fig. 12) . Within Altares and Frijoles, CaO decreases with decreasing MgO; K 2 O, TiO 2 , and most ratios of highly to moderately incompatible elements (e.g. K/Ti, La/Sm) increase significantly, with slopes that are steeper than predicted by fractional crystallization (Fig. 12 ).
Petrography and mineral chemistry
In contrast to the relatively limited range in major element compositions of samples from the low magma supply study area, petrographic differences within and among these eruptive units indicate significant variations in their pre-eruptive histories. All samples from the large Buho flow field are nearly aphyric (<2% phenocrysts > 0Á5 mm in size). Samples throughout this unit contain sparse, skeletal, olivine phenocrysts with slight normal zoning (Fo 83-85 ) (Fig. 10a) . Plagioclase also is present in some samples, as lath-shaped crystals with swallow tails (72) (73) ). Some samples from older, incompletely mapped eruptive units are likewise nearly aphyric, indicating that such crystal-poor lavas are not unique to the Buho eruption, although they are relatively rare within the study area. Del Norte, Drag on, and Tortuga are olivine-and plagioclase-phyric, ranging in total phenocryst contents from 2Á3 to 12Á7 modal %. Olivine crystals (0Á3-2Á0 modal %) are typically euhedral or skeletal (Fig. 10b) and are unzoned or slightly normally zoned ). Plagioclase is more abundant than olivine (1Á6-11Á0 modal %), and is significantly more variable compositionally (An 67-88 ). Plagioclase morphologies range from relatively small, lath-shaped crystals to larger tabular crystals that typically have concentric oscillatory zonation (Fig. 10b) ; dendritic overgrowths are ubiquitous on plagioclase crystals. Some plagioclase crystals have spongy textures indicating either rapid growth or partial resorption (Fig. 10c) .
Frijoles, Altares, and Pulgar contain variable proportions of plagioclase (4Á5-18Á8 modal %), olivine (0Á4-4Á7 modal %), and clinopyroxene (0Á1-4Á1 modal %). These eruptive units also have the lowest MgO contents in the study area. Olivine morphologies range from skeletal to euhedral, and are commonly normally or reversely zoned (cores Fo 76-86 ; rims Fo 80-84 ) (Fig. 10f and h ). Plagioclase morphologies are highly variable, with compositional ranges similar to those in the olivineand plagioclase-phyric samples. Pyroxene may be normally or reversely zoned (Fig. 10g) ; some samples contain sector-zoned pyroxene crystals with irregular extinction (Fig. 10d and e) , either in addition to or instead of concentrically zoned crystals.
Variations within eruptive units at 92 W Compositional variations
Despite the much wider compositional range of all lavas within the 92 W segment, single eruptive units display roughly the same amount of internal compositional variation for some parameters as at 95 W (e.g. glass range of 0Á3-1Á2 wt % MgO is similar to that at 95 W; Colman et al., 2012) . Some units (Cocodrilo, Iguana, and Calor) have higher incompatible element concentrations and ratios at a given MgO content than others (Gusanos, Empanada, and Niños) (Fig. 13) . In contrast to those at lower magma supply, CaO and FeO* do not vary significantly among 92 W eruptive units at a given MgO (Fig. 13 ).
Petrography and mineral chemistry
Mineral phases within most eruptive units at the high magma supply study area (e.g. Niños, Empanada, Cobija, Calor) have simple textures indicating growth from a melt-rich magma body at moderate degrees of undercooling. Although some samples are entirely aphyric, others have more abundant microphenocrysts (0Á1-0Á5 mm) ( Table 1) . Olivine is typically skeletal (Fig.  11a, b and d) ; plagioclase is tabular or lath-shaped, and clinopyroxene typically forms intergrowths with plagioclase ( Fig. 11c and d) . Mineral phases within each sample have a limited compositional range, although the compositional differences between samples from different eruptive units can be substantial (Fig. 9) .
Samples from Gusanos and Dulces are more crystalrich (4Á2-15Á7 modal %) than those from other 92 W eruptive units, and disequilibrium textures are common. In Gusanos, olivine is typically skeletal, and is unzoned or slightly normally zoned ). Plagioclase is normally or reversely zoned (cores An 59-84 ; rims An 70-77 ); reversely zoned crystals have skeletal overgrowths (Fig. 11e) . Clinopyroxene is not present in samples from Gusanos, consistent with the relatively high MgO of the glass (Fig. 8) . In Dulces basaltic andesites, olivine crystals are typically skeletal, and are consistently slightly normally zoned (cores Fo 68-72 ; rims Fo 66-69 ) (Fig. 11h) . Plagioclase is normally or reversely zoned (cores An 46-60 ; rims An 57-62 ) (Fig. 11g) . In reversely zoned crystals, the core typically has a rounded, irregular margin, and is surrounded by a slightly skeletal to euhedral W. Colors correspond to eruptive units within each study area, as in Fig. 3 . Gray symbols represent samples not assigned to one of the described eruptive units. Symbol shapes indicate mineral phases present. overgrowth. Clinopyroxene occurs both as strongly reversely zoned crystals (cores Mg# 63-66; rims Mg# 75-76) (Fig. 11g ) and as crystals with weak oscillatory zoning (Mg# 72-77).
DISCUSSION: MAGMATIC PROCESSES AT 92 W AND 95 W
Compositional variations within and among eruptive units at the two study areas can be used to characterize magma reservoir dynamics at each location, including longevity and thermal stability, the relative importance of crystal fractionation, magma mixing, assimilation of crustal material, interaction with mush zones, and recharge of the magma reservoir with new batches of magma. We infer that differences in magma reservoir characteristics and their influence on erupted compositions at the two study areas are primarily the result of differences in the rate of magma supply, as this is the primary variable that differs between them.
Parental magmas at 92 W and 95 W
Because incompatible element ratios are little affected by fractional crystallization of basaltic magma, they can be used to assess the range of parental magma compositions in each study area (Fig. 14) . Ratios of highly to moderately incompatible elements (e.g. La/Sm, Nb/Zr, Ba/Y) are consistently more variable at 95 W than at 92 W, as indicated by their larger relative compositional variability (standard deviation/mean value) and relative range [(maximum value -minimum value)/mean value] (Table 5) . Along the global mid-ocean ridge system, increasing spreading rates-and hence magma supply-are correlated with decreasing variability in La/ Sm and other parameters affected by melting conditions (including isotopic ratios); this trend has been attributed to greater mixing of magmas at a range of depths in the more melt-rich environments of fasterspreading ridges Rubin et al., 2009) . The difference in parental magma variability between our study areas is consistent with this global trend, and probably reflects less effective magma homogenization at the low magma supply study area.
Magma evolution within the crust at 95 W and 92 W
Major element compositional trends of most mid-ocean ridge basalts are broadly consistent with derivation by varying degrees of fractional crystallization of olivine, plagioclase, and clinopyroxene from a range of parental magmas (e.g. Grove et al., 1992; (Cushman et al., 2004) ]; a range of other starting water contents (0-1 wt % H 2 O) also were tested for comparison. MELTS models were run at oxygen fugacities one and two log units below the fayalite-magnetite-quartz buffer (FMQ), and pressures appropriate for crystallization within the crust (0Á5-2 kbar) (Figs 12 and 13 ).
Fractional crystallization vs mush zone processes at 95 W
At the low magma supply study area, major element variations within single units are generally similar to those predicted for low-pressure (0Á5-1 kbar) fractional crystallization at two log units below FMQ: with decreasing MgO, CaO and CaO/Al 2 O 3 decrease and FeO* increases (Fig. 12) . Buho has geochemical trends that are well modeled by fractional crystallization of olivine in the mid-to upper crust (with decreasing MgO there are increases in CaO, Al 2 O 3 , and incompatible trace element concentrations, whereas ratios of highly to moderately incompatible elements remain constant; Fig. 12 ). However, incompatible element concentrations within several other eruptive units increase more rapidly with decreasing MgO than predicted by fractional crystallization (e.g. K/Ti in both Altares and Frijoles; Fig. 12) . Similarly, at a regional scale, low-MgO samples have ratios of highly to moderately incompatible elements that are elevated relative to those that would be produced by fractional crystallization of the high-MgO samples, and there are no samples with low incompatible element ratios at MgO values less than 7Á5 wt % MgO (Fig. 12) . The absence of low-MgO samples with low K/Ti and La/Sm is difficult to explain in a magmatic system dominated by fractional crystallization, suggesting that alternative processes that couple incompatible element enrichment to differentiation could be involved. The prevalence of complex mineral textures (reverse and normal zoning, resorption) also cannot be explained by fractional crystallization alone. Some of the discrepancies between predicted fractional crystallization trends and the trends observed at the low magma supply study area may be explained by crystallization of magma within a transition zone at the margins of a melt-rich magma reservoir. We use the in situ crystallization model of Langmuir (1989) to simulate the effects of this process followed by mixing of some or all of the remaining melt back into a larger magma body. In situ crystallization may also approximate magmatic differentiation of melts that percolate through a mush zone [thought to make up the volumetric majority of midocean ridge magma systems, especially those at lower magma supply (e.g. Sinton & Detrick, 1992) ]. During in situ crystallization, the sub-liquidus crystallizing assemblage has a bulk composition closer to that of the liquid than in perfect fractional crystallization. As a result, compatible elements such as MgO are depleted less in the liquid than predicted by fractional crystallization for a given amount of crystallization. When viewed on MgO variation diagrams this effect appears as an overenrichment of the most incompatible elements, relative to fractional crystallization trends (Langmuir, 1989) .
We model in situ crystallization following the stepwise approach used by Reynolds & Langmuir (1997) . At all times, the transition zone where crystallization is occurring represents 5% of the total magma volume. At each step, magma is removed from the magma reservoir and undergoes 50-70% equilibrium crystallization [modeled using MELTS (Ghiorso & Sack, 1995; Smith & Asimow, 2005) ]; the remaining 30-50% liquid is expelled and remixed into the magma reservoir. Differentiated magmas produced by this process have elevated ratios of highly to moderately incompatible elements relative to their parental magmas, whereas these ratios increase only slightly during fractional crystallization (Fig. 15) . If both in situ and fractional crystallization operate, melt compositions will be intermediate between those predicted by the two models.
The in situ crystallization process produces MgO variation trends that are steeper than for fractional crystallization, which provides a better explanation for the compositional variations of the Frijoles and Altares eruptive units (Fig. 15) . However, this process alone does not explain the decreasing variance in incompatible element ratios with decreasing MgO that is observed among all the data at 95 W. Sinton & Detrick (1992) showed a similar result for compositional variations around the 95Á5 W GSC propagating rift, where high-MgO lavas show variable Na concentrations and lower MgO samples tend to conform with fractional crystallization trends at elevated Na abundance. Although the variety of compositional trends observed in different eruptive units indicates that a range of crystallization processes have operated along this segment, there is no evidence for fractional crystallization of incompatible element depleted magmas (producing incompatible element depleted, low-MgO magmas). If a critical volume of melt-dominated magma must be present in the upper crust for efficient fractional crystallization to occur, it is possible that magmas with strong depletions in incompatible elements are simply never present in these quantities. Thus the overall distributions shown in Fig. 15 suggest that a range of magmatic processes operate in the low magma supply study area, controlled by the melt content of magma bodies in the crust.
Trends with rapid increases in incompatible element ratios coupled to moderate decreases in MgO also could be generated by mixing of melts that have different incompatible element ratios and abundances, derived from parent melts generated at different melting conditions or from different source compositions; this possibility will be discussed further below in the sections on magma recharge and magma mixing. Radiogenic isotope data could be useful for distinguishing between these possible scenarios, but have not yet been obtained on this sample suite.
Fractionation at 92 W
At the high magma supply study area, major and trace element variations within the eruptive sequence Gusanos-Empanada-Niños are reasonably approximated by low-pressure (0Á5-1 kbar) fractional crystallization of olivine, plagioclase, and clinopyroxene from compositionally similar parental magmas at two log units below FMQ (Fig. 13) (Fig. 8 ) and the MgO-Al 2 O 3 covariation (Fig. 13) ; liquid lines of descent predicted by MELTS are correspondingly higher in Al 2 O 3 than glass samples at low MgO. Better fits to the Al 2 O 3 data are provided by reducing the starting water content Fig. 15 . Consequences of in situ crystallization on differentiation trends at 95 W. Trends were calculated using MELTS, as described in the text. The smaller changes in compatible element compositions, and larger changes in incompatible elements and ratios of highly to moderately incompatible elements, produced by in situ crystallization compared with fractional crystallization, should be noted. Continuous lines, fractional crystallization; dashed line, in situ crystallization with 50% crystallization within the transition zone at each step; dotted lines, in situ crystallization with 70% crystallization within the transition zone at each step. Symbols correspond to eruptive units, as in Fig. 12 . Error bars represent 62r analytical uncertainty.
to 0Á3 wt %, although this results in higher model FeO* than observed. During fractional crystallization at greater pressures (e.g. 2 kbar, appropriate for the mid-or lower crust), crystallization of plagioclase also would be delayed to lower MgO, causing Al 2 O 3 contents to be higher than observed.
Concentrations of incompatible elements increase with decreasing MgO, generally at rates consistent with fractional crystallization. For example, Zr, Hf, Th, U, and the REE except Eu roughly double from Gusanos to Niños, whereas MgO decreases from $7 to $4 wt %, and ratios of highly to moderately incompatible elements (e.g. La/Sm) increase only slightly, consistent with $50% fractional crystallization. Concentrations of elements that partition preferentially into one or more of the crystallizing mineral phases relative to the liquid (e.g. Ni into olivine and clinopyroxene; Sr into plagioclase) decrease with decreasing MgO (Fig. 5) . Similarly, Eu and Sr anomalies become increasingly negative with decreasing MgO, as plagioclase preferentially incorporates Eu and Sr over elements that are similarly compatible during mantle melting (Fig. 5) .
Compositions of the Calor, Cocodrilo, and Iguana eruptive units require parental magmas that are more enriched in incompatible elements than other units in this segment (Fig. 13) . Nevertheless, the magnitude of the Eu and Sr anomalies within these eruptive units are similar to those of other eruptions from 92 W at the same MgO (Fig. 5) , which suggests that fractional crystallization under similar conditions also dominates magmatic evolution for these units. The importance of fractional crystallization also is reflected in the low crystallinity of samples from this area (Table 1) , which indicates that segregation of mineral phases from residual melts is effective at the high magma supply study area.
The most highly evolved (lowest MgO) eruptive unit at 92 W is the Dulces basaltic andesite pillow mounds. Low CaO/Al 2 O 3 , high SiO 2 , and other compositional variation within Dulces suggest advanced fractionation of Fe-Ti oxides in addition to clinopyroxene and plagioclase 6 olivine. With decreasing MgO, concentrations of incompatible major elements (Na 2 O, K 2 O, P 2 O 5 ) and SiO 2 increase, and CaO and TiO 2 decrease (Fig. 13) . However, FeO* remains essentially constant with decreasing MgO, in contrast to the decrease predicted to result from the crystallization of Fe-Ti oxides (Fig.  13) . Compositional variations within Dulces are thus more probably a result of mixing between moderateand very low-MgO magmas, consistent with the presence of reversely zoned plagioclase and pyroxene crystals in samples from Dulces (Figs 9 and 11g, h; see also discussion of magma mixing below).
The effects of in situ crystallization are much less apparent at the high magma supply study area, where samples from the eruptive sequence GusanosEmpanada-Niños differentiate without associated increases in incompatible element ratios (Fig. 13) . A crystal-rich transition zone in which in situ crystallization operates could still exist at this study area, but the effects are overprinted by processes occurring at high melt fraction prior to eruption.
The role of assimilation
Although most compositional and petrographic variations at the high magma supply study area are consistent with relatively simple, fractionation-dominated magmatic evolution, Cl increases with decreasing MgO much more than predicted by fractional crystallization [referred to hereafter as over-enrichment in Cl, after Michael & Schilling (1989) ] (Fig. 16a) . Cl behaves as a highly incompatible element during mantle melting and fractional crystallization of basaltic magma (e.g. Schilling et al., 1980; Michael & Schilling, 1989; Ingle et al., 2010; Wanless et al., 2010) . As such, the Cl/La ratio should remain nearly constant during melting (Fig. 16b ) and low to moderate degrees of fractionation. Samples from the low magma supply study area have uniformly low Cl concentrations and Cl/La ratios; Cl concentrations and Cl/La ratios of the most primitive samples erupted at the high magma supply study area are higher, as predicted for lower mean extents of melting closer to the hotspot (Cushman et al., 2004; Ingle et al., 2010) . However, Cl concentrations of lower MgO samples at high magma supply increase much more rapidly with decreasing MgO than predicted by fractional crystallization (Fig. 16a) .
Assimilation of a Cl-rich material such as brine, amphibole, altered crust, or partial melts of altered crust has been invoked to explain over-enrichments in Cl in mid-ocean ridge basalts, andesites, and dacites (Michael & Schilling, 1989; Michael & Cornell, 1998; Coogan et al., 2003; le Roux et al., 2006; Wanless et al., 2010 Wanless et al., , 2011 Kendrick et al., 2013) . In high-SiO 2 samples from the East Pacific Rise (EPR), Wanless et al. (2010 Wanless et al. ( , 2011 also noted variations in trace elements, trace element ratios, and oxygen isotope ratios that are inconsistent with fractional crystallization, but can be explained by assimilation of partial melts of hydrothermally altered crust. Elevated Br/Cl ratios measured by Kendrick et al. (2013) are not explained by assimilation of amphibole or hydrothermally altered crust, but could be caused by assimilation of a hypersaline brine phase. Additional evidence for assimilation at high magma supply includes observations of partially melted xenoliths of gabbros and basaltic dikes within and below the boundary between gabbros and sheeted dikes in ophiolite sections and drill cores in oceanic crust (Coogan et al., 2003; Wilson et al., 2006; Gillis, 2008; France et al., 2009) . The base of the dike section observed in ophiolites and oceanic drill cores is typically hydrothermally altered to greenschist facies, with alteration temperatures increasing downwards; the lowermost dikes are commonly recrystallized and may be partially melted (Coogan et al., 2003; Wilson et al., 2006; Gillis, 2008; France et al., 2009) . These observations indicate that materials near crustal magma reservoirs can be hydrothermally altered, and can be at least partially assimilated within the magma reservoir (e.g. Coogan et al., 2003; Wilson et al., 2006; France et al., 2009) .
Following Michael & Schilling (1989) we use the DePaolo (1981) formulation of combined assimilation and fractional crystallization (AFC) to model Cl and La covariations in lavas from our high magma supply study area. The ratios of mass assimilated to mass crystallized (Ma:Mc) required to generate the observed over-enrichment in Cl depend on the assimilant composition [Cl contents from Michael & Schilling (1989) ]. The highest-Cl material considered is brine (30 wt % Cl), which is most likely to be present near the roof of the axial magma chamber, where it could be incorporated into the magma via stoping of blocks with brine-filled pores, fractures, or fluid inclusions (Michael & Schilling, 1989; Coogan et al., 2003) . Only small amounts of brine (Ma:Mc 0Á001-0Á01) are required to produce even the greatest Cl over-enrichments observed at 92 W (Fig. 16c) . Selective melting of amphibole (0Á5 wt % Cl) requires somewhat greater amounts of assimilant (Ma:Mc 0Á07-0Á7), and could occur via partial melting or prograde metamorphism of stoped blocks or roof material (e.g. Michael & Schilling, 1989; Gillis & Coogan, 2002) . Bulk assimilation of altered crustal material (0Á1 wt % Cl) requires substantially greater masses of assimilant (Ma:Mc > 0Á5), and cannot produce the highest degrees of Cl over-enrichment observed in our samples.
Assimilation of small amounts of either brine or amphibole therefore can account for the enrichment observed in most of our samples (Fig. 16c) . However, two samples (one Calor sample and one Iguana sample with Cl/La > 100) require unreasonably high Ma:Mc via selective amphibole assimilation or assimilation of altered crust, making assimilation of brine more likely in these cases. The significant difference in overenrichment between the two analyzed samples from Calor (0Á6 and 0Á9 wt % Cl) might reflect local variations in the amount or type of assimilated material (probably brine, in this case), despite apparently little variation in temperature and parental magma composition along axis indicated by the limited variation in MgO, K/Ti, and Nb/Zr among Calor samples (Fig. 13) .
In contrast to 92 W, there is no Cl over-enrichment at 95
W. This observation is consistent with global trends related to magma supply (Michael & Cornell, 1998) ; at ridges with rates of magma supply too low to sustain seismically imaged melt-dominated reservoirs, Cl over- W samples, where colors correspond to single eruptive units as in Fig. 3 . Gray circles, GSC N-, T-, and E-MORB as in Fig. 4 [data from Cushman et al. (2004) and Ingle et al. (2010) ]. Cl analyses of samples from 95 W by secondary ion mass spectrometry (SIMS) also are included (Colman et al., 2015) . W. Gray field bounded by dotted black lines represents compositions produced by AFC, using equations from DePaolo (1981), after Michael & Schilling (1989) . For assimilation of brine (20 wt % Cl), amphibole (0Á5 wt % Cl), and altered crust (0Á1 wt % Cl), ratios of mass assimilated to mass crystallized (Ma:Mc) are 0Á001-0Á01, 0Á07-0Á7, and 0Á5->1, respectively. enrichments are typically not observed (Michael & Cornell, 1998) . This could be due to relatively rapid ascent of magmas through the shallower regions of the crust where Cl-enriched (i.e. hydrothermally altered) materials are most likely to be present (Michael & Schilling, 1989; Michael & Cornell, 1998) . Alternatively, it could simply be a result of decreased hydrothermal activity at the lower magma supply regions where eruptions, and perhaps recharge of magma into the shallow crust, are less frequent (Michael & Cornell, 1998) .
Magma recharge
An important aspect of our study is the delineation of single mid-ocean ridge lava flow fields representing the products of successive volcanic eruptions in both of the principal study areas. Compositional differences among eruptive units within these mapped eruptive sequences therefore can be used to constrain the timing and nature of magmatic recharge to the crustal magma reservoirs that feed eruptions at each study area, providing an unusually high temporal resolution of the recent magmatic history at each site.
In the absence of magmatic recharge, crystallization within a cooling magma reservoir will decrease the MgO content of the resident magma, and increase incompatible element concentrations and ratios of highly to moderately incompatible elements; the magnitude of these compositional variations will be controlled by the style of crystallization (e.g. fractional, equilibrium, or in situ). The timescale of heat loss and solidification can be rapid (e.g. Liu & Lowell, 2009) .
In contrast, some compositional variations, such as increases in glass MgO content (which reflect increases in magma temperature) and decreases in ratios of highly to moderately incompatible elements, are unlikely to be achieved by processes occurring within a shallow magma reservoir. Instead, these variations require that the resident magma was mixed with hotter and/or more incompatible element-depleted magma between eruptions, whether this magma was fed directly from the mantle or from another magma body within the crust. These observations can be used to infer whether or not recharge occurred between a given pair of eruptions. However, decreasing or constant MgO between eruptions does not necessarily preclude magmatic recharge (e.g. Goss et al., 2010) ; in a system where the rates of recharge and cooling, and the compositions of parental magmas and assimilant all are constant, a steady state can be reached where erupted magma compositions also are constant (e.g. O'Hara, 1977) . Additionally, recharge of a magma that is compositionally similar to the resident magma could go undetected by these criteria.
Magmatic recharge at the low magma supply study area
At 95
W, magmatic recharge is required between each eruption in the eruptive sequence Pinguino-Drag on-Del Norte-Frijoles (Fig. 17a) . Drag on has higher MgO and is less enriched in incompatible elements than Pinguino, which is the oldest eruptive unit within the sequence. At a similar MgO content to that of Drag on, Del Norte is more enriched in incompatible elements. Compositional variations within Frijoles indicate that it is a mixture of a relatively low-MgO, incompatible element-enriched magma (which could be a differentiate of Del Norte magma; Fig. 15 ) and a magma with higher MgO that is also more depleted in incompatible elements than Del Norte (see discussion of magma mixing below).
This analysis indicates that at least each of these four eruptions at 95 W was preceded by a period of magma recharge, implying an $600 year periodicity for magmatic recharge, if no additional recharge events occurred over this interval. The preservation of reverse zoning in olivine crystals requires the period between recharge and eruption to be relatively short, supporting the speculation that eruptions at low magma supply ridges can be triggered by recharge events (Sinton & Detrick, 1992) . We assume that the recharge magma is hotter than the resident magma, although it may be sourced from either the mantle or deeper magma reservoirs within the crust, and envision magmatic recharge injecting magma into a crystal-rich magma, perhaps even a crystal mush, remobilizing it into an eruptible magma body. In some cases (e.g. Buho) there is little evidence for interaction with a resident mush; prior to this eruption, there may not have been a magma body in the mid-crust with sufficient melt to be remobilized. Much of the time, however, magmatic systems at this location are likely to be too crystal-rich to erupt, or to be detected by seismic reflection surveys.
Magmatic recharge at the high magma supply study area At 92 W, chemical relations among the four oldest flow fields (from oldest to youngest: Cobija, Iguana, Cocodrilo, Calor; Fig. 17 ) imply magmatic recharge between each eruption. Although MgO decreases slightly from Cobija to Iguana, as would be predicted by fractional crystallization in the absence of recharge, the increases in incompatible element ratios such as K/Ti and Nb/Zr are too great to be explained by such a small amount of fractional crystallization (see also Fig. 13 ). In this specific case, in situ crystallization may be able to produce the dramatic increase in incompatible element concentrations, as an alternative to recharge. In contrast, the eruptive units Iguana, Cocodrilo, and Calor have significantly different incompatible element ratios at the same MgO content, requiring an injection of first more incompatible element-enriched magma (between Iguana and Cocodrilo), and then more depleted magma (between Cocodrilo and Calor) (Fig. 17) . These eruptive units have been partially buried by later eruptions, so it is possible that additional eruptions occurred within this time interval and are no longer observable on the seafloor. Interestingly, none of these mapped units contain reversely zoned crystals. If recharge preceded each of these eruptions, then either sufficient time must have elapsed for magma homogenization and crystal re-equilibration or else physical segregation from the melt must have occurred between recharge-induced mixing and eruption. This result contrasts with that at low magma supply where recharge and eruption appear to be more closely linked in time, and indicates that some eruptions may not require recharge to initiate at high magma supply.
Gusanos was most probably emplaced subsequent to the eruption that emplaced the Calor lava flow field. Gusanos's higher MgO and lower ratios of highly to moderately incompatible elements relative to Calor require recharge between these eruptions. Reversely zoned plagioclase crystals in samples from Gusanos are also consistent with this interpretation. In contrast, chemical relations among the latest three eruptions are consistent with co-magmatic evolution and do not require recharge prior to the two most recent eruptions, Empanada and Niños. Throughout this sequence, average MgO decreases slightly, with variations in major and trace elements that are consistent with fractionation; no reversely zoned crystals have been found. MELTS-derived liquidus temperatures (Ghiorso & Sack, 1995; Smith & Asimow, 2005) for glasses from each eruptive unit indicate that compositional differences between Gusanos and Niños are associated with a decrease in magma temperature of $70 C and $50 wt % crystallization, indicating significant cooling of the magma reservoir over this interval, most of which occurred between the eruption of Gusanos and Empanada. If cooling rates were constant then a longer interval of quiescence preceded the Empanada eruption, whereas Niños followed Empanada with only slight change in temperature.
Each of the sequence of eruptions from Calor to Niños is constrained by geomagnetic paleointensity data to have occurred within $150 years of one another (Bowles et al., 2014) , indicating that cooling rates must have been greater than $0Á5 C per year, similar to cooling rates within the upper crust of 1 C per year predicted by Maclennan et al. (2005) and used to model diffusion profiles by Faak et al. (2015) . These cooling rates are greater than the minimum cooling rates of (1Á5-2Á0) Â 10 -2 C per year within the mid-to lower crust calculated by Schmitt et al. (2011) based on thermochronology of magmatic zircons from the Juan de Fuca Ridge. Although Schmitt et al. did not present a maximum cooling rate, cooling rates in the lower crust should be significantly less than in the upper crust magma reservoirs that fed eruptions at 92 W. Observations at our study areas are consistent with predictions of the importance of recharge to eruptions at mid-ocean ridges with and without persistent melt lenses (e.g. Liu & Lowell, 2009; Fontaine et al., 2011) . Where rates of magma supply are high enough to maintain a melt-rich lens within the crust, such as at 92 W, eruptions could be triggered by tectonic spreading events without influxes of new magma (e.g. Sinton & Detrick, 1992 ; see also review by Sinton et al., 2002) . These eruptions are typically relatively small in volume (e.g. Colman et al., 2012) , and contribute a smaller proportion to the overall crustal thickness than at 95 W (Blacic et al., 2004) . In contrast, at rates of magma supply that are insufficient to maintain an eruptible, meltrich lens (e.g. 95 W), magmatic systems may be too crystal-rich to erupt much of the time, and eruptions are most likely to occur shortly after a magmatic recharge event. Depending on the amount and physical nature of magma stored in the crust, tectonic spreading events in the absence of recent recharge could occur without eruption (e.g. Sinton & Detrick, 1992) .
Magma mixing
Magma mixing is predicted to be an important process in all magmatic systems, including mid-ocean ridges. Textural evidence of magma mixing at mid-ocean ridges is well documented, particularly in plagioclase crystals in porphyritic samples from the Mid-Atlantic Ridge (Dungan & Rhodes, 1978; Rhodes et al., 1979; Kuo & Kirkpatrick, 1982; Meyer & Shibata, 1990; Costa et al., 2010; Adams et al., 2011) . Plagioclase-and olivine-hosted melt inclusions have been used to constrain the compositions of mixed magmas (Dungan & Rhodes, 1978; Rhodes et al., 1979; , and the lack of highly evolved lava compositions erupted at slow-spreading ridges has been attributed to the importance of magma mixing in modulating erupted compositions (Dungan & Rhodes, 1978; Rhodes et al., 1979; Walker et al., 1979) . Magma mixing also provides a mechanism for producing magmas in which clinopyroxene crystallizes before olivine, contrary to the sequence expected during low-pressure fractionation of mantle-derived mid-ocean ridge basalts (Walker et al., 1979) . Although textural evidence for mixing is commonly lacking in the nearly aphyric basalts that dominate fast-spreading ridges, Bergmanis et al. (2007) identified mixing trends using trace elements and Pb isotopes in the youngest eruptive unit at 17Á5 S on the southern EPR. Identification of mixing trends in the compositions of glass samples from submarine lavas depends on how chemically distinct the magmas are prior to mixing, how completely they are homogenized before erupting, and how well the resulting flow field is sampled [e.g. as detailed by Rubin et al., (2001)] . High sample number studies of mixing trends can allow the compositions and proportions of the mixing end-members to be constrained (e.g. Passmore et al., 2012) , and diffusion modeling of zoning profiles in phenocrysts of mixed magmas can be used to determine the timescales of mixing and ensuing eruption (e.g. Costa et al., 2010; Zellmer et al., 2011; Moore et al., 2014) .
Eruptive units within both of our study areas contain minerals that display textural evidence for magma mixing. Nearly every eruptive unit (except Buho) at the low magma supply study area contains plagioclase with partially resorbed cores and/or reverse zoning. At the high magma supply study area, although the majority of eruptive units contain only weakly normally zoned or oscillatory zoned crystals, both Gusanos and Dulces contain reversely zoned crystals (Fig. 11) . Additionally, compositional trends within the Frijoles, Altares, and Dulces eruptive units are inconsistent with fractional crystallization (Figs 12 and 13) . In many other eruptive units (e.g. Del Norte, Drag on, Pinguino, Pulgar, Tortuga), the amount of compositional variation relative to analytical precision is insufficient to determine whether or not the intra-unit trends are consistent with fractional crystallization, mixing, or a combination.
Frijoles, a case study at low magma supply
Because it was recently erupted, the Frijoles eruptive unit is exceptionally well exposed and sampled along the length of its eruptive fissure (Fig. 18) . Frijoles samples contain both mineralogical and chemical evidence of magma mixing. Both normally and reversely zoned olivine, clinopyroxene, and plagioclase crystals are present. Additionally, Frijoles samples show greater enrichments in incompatible elements and ratios of highly to moderately incompatible elements at low MgO contents than predicted by fractional crystallization of the highest-MgO Frijoles sample.
Olivine cores in Frijoles samples range from Fo 86 to Fo 76 . Assuming that olivine crystals within Frijoles samples are not xenocrysts randomly incorporated during ascent, the forsterite contents of the cores of normally and reversely zoned olivines can be used to constrain the compositions of the high-MgO and low-MgO mixing end-members, respectively. Using a distribution coefficient of 0Á3 for Fe-Mg partitioning between olivine and melt (Roeder & Emslie, 1970) , the MgO content of the magma in equilibrium with each olivine ranges from 8Á8 to 5Á3 wt % MgO, which we take to be within the range of the mixing end-members (Fig. 19 ).
An independent constraint on mixing end-member compositions comes from analyses of olivine-hosted melt inclusions (data from Colman et al., 2015) . The MgO contents of olivine-hosted melt inclusions can be rapidly modified by re-equilibration with the host olivine and/or post-entrapment crystallization (e.g. Gaetani & Watson, 2000 Danyushevsky et al., 2002 ; see also discussion by Colman et al., 2015) , and therefore are of limited use in constraining mixing end-member compositions. However, K/Ti is essentially unmodified by post-entrapment crystallization (e.g. Kent, 2008) and relatively long timescales are required for modification by diffusion through the host olivine (e.g. Cottrell et al., 2002 ; see also discussion by Colman et al., 2015) . The median K/Ti of 31 melt inclusions from Frijoles is within error of the selvage glasses (median K/Ti is 0Á125 and 0Á123 for the melt inclusions and selvage glasses, respectively), but melt inclusion K/Ti contents vary to significantly higher and lower values, suggesting that the melt inclusions sampled less homogenized magmas. The negative correlation between MgO and K/Ti in Frijoles selvage glasses indicates that the high-MgO end-member had lower K/Ti than the low-MgO endmember (Fig. 19) . By extrapolating the MgO-K/Ti covariation defined by selvage glasses to the lowest and highest K/Ti preserved in melt inclusions, we can estimate the MgO content of the mixing end-members. The lowest and highest K/Ti melt inclusions measured (0Á09 and 0Á15, respectively) provide independent MgO estimates of 8Á6 and 5Á3 wt %, remarkably consistent with the estimates based on olivine forsterite contents (Fig. 19) .
The ranges of liquidus temperatures predicted by MELTS (Ghiorso & Sack, 1995; Smith & Asimow, 2005) for Frijoles high-and low-MgO end-member magmas are 1207-1210 C and 1158-1165 C, respectively. Assuming that the temperature of magma recharging the magmatic system is relatively constant, this temperature difference between the end-members indicates cooling of 50 between the two most recent recharge events in this location.
The estimates of the recharged and resident magmas also can be used to compute the relative proportions of each end-member in each sample (Fig. 18) . The mixture consistently contains at least 50% hightemperature end-member, and locally as much as 75%. Along-axis variations in the proportions of the endmembers do not appear to correlate with the distribution of erupted volume; the location along the eruptive fissure where flow apparently focused as the eruption progressed is offset from the location with highest MgO and thus the greatest inferred proportion of relatively hot, recharged magma. Similar decoupling between magma temperature and erupted volume characterizes the N1 flow field along the southern EPR (Bergmanis et al., 2007) .
Magma mixing probably preceded eruption of many of the other eruptive units at 95 W (e.g. Altares, Del Norte, Drag on) as evidenced by disequilibrium textures in plagioclase 6 pyroxene crystals. The lack of zoned olivine, more limited major element range, and higher glass MgO of Del Norte and Drag on suggest that mixing involved a greater proportion of high-MgO relative to low-MgO magma, and/or that more time elapsed between recharge and eruption, allowing melt homogenization to proceed to a greater degree and olivine crystals to re-equilibrate.
Dulces, a case study at high magma supply
Dulces contains reversely zoned clinopyroxene and plagioclase crystals, and normally zoned olivine crystals, which can be used to place constraints on the lowand high-temperature mixing end-members, respectively. The most forsteritic olivine core measured in Dulces (Fo 72 ) is in equilibrium with a melt containing 5Á0 wt % MgO (Fig. 20) . A mixing line extrapolated from the analyses of Dulces samples intersects the trend of other samples from the 92 W area near $5 wt % MgO on a range of major element plots, supporting the interpretation that the high-MgO mixing component was an FeTi basalt with $5 wt % MgO. Alternatively, partial equilibration of Dulces olivines with the hybrid magma following mixing would require even higher MgO in the recharge magma prior to mixing. However, in this case, the FeO* of the high-MgO magma would have been higher than that of any other magma from 92 W at a similar MgO content. Given the limited variation in FeO* at a given MgO content at 92 W (Fig. 13) , this possibility seems unlikely.
Our interpretation that there was minimal postmixing re-equilibration of olivine crystals within Dulces implies a short time period between mixing and the Dulces eruption. The inferred composition of the highMgO mixing end-member is close to that of 50-200-year-old Empanada lavas (Bowles et al., 2014) , and we interpret the age of Dulces to be similar to that of Empanada, based on similar sparse sediment cover and the fact that both eruptive units overlie (are younger than) Cocodrilo. Although an absolute age for Dulces has not been determined, this eruptive unit was probably also erupted within the past 50-200 years.
It is more difficult to constrain the composition of the low-MgO end-member based on the reversely zoned plagioclase and pyroxene crystals, because of the relatively poor correlations between MgO and the anorthite content of plagioclase or Mg# of pyroxene. The lowMgO magma must have had <2Á7 wt % MgO, however, as this is the most evolved glass composition analyzed from the Dulces flow field. Increasing P 2 O 5 with decreasing MgO among samples from Dulces suggests that apatite did not fractionate from the low-MgO endmember prior to mixing. Apatite is present in an andesite sample with 1Á2 wt % MgO from 85 W on the GSC ; if apatite stability is similar at 92 W, the low-MgO mixing endmember is unlikely to have less than $1Á2 wt % MgO. Similarities in incompatible element ratios of Dulces to those of Gusanos, Empanada, and Niños are consistent with both the low-and high-MgO mixing end-members having been derived from similar parental magmas (Fig. 13) . The low-MgO magma may have become physically isolated from the larger volume of the melt lens, allowing it to cool and fractionate to a greater extent. Thus the mixing trend within Dulces may record injection of Empanada-like magma into a cooler, more crystal-rich portion of the sub-axial melt lens. MELTSderived liquidus temperatures for magmas with 2Á7 and 5Á0 wt % MgO are 1070 C and 1120 C, respectively, which could reflect the along-axis variability of temperatures and degrees of fractionation within shallow melt lenses along this part of the GSC.
Global perspective on variations in magma supply along the GSC Despite the $30% increase in the rate of magma supply between 95 W and 92 W, both locations have intermediate spreading rates when compared with the global mid-ocean ridge system, and fall within the lower half of the range of rates of magma supply seen globally (Fig. 1) . Our study areas at 92 W and 95 W appear to span a critical rate of magma supply, above which a shallow melt lens can be maintained.
At 95 W, both seismic (e.g. Blacic et al., 2004) and petrological data indicate the absence of a persistent, eruptible magma body within the crust. Eruptions at this location are fed from magma reservoirs at $3Á0-3Á4 km below the seafloor (Fig. 21a) (Colman et al. , W. (a) Reference cross-section. Eruptions are fed from magma reservoirs at $3Á0-3Á4 km below the seafloor (Colman et al., 2015) . Box shows locations of cross-axis views shown in (b) and (c). (b) Cross-axis and along-axis sections through a mid-crustal magmatic system that has not been recently recharged with magma. Magmatic system consists of disconnected bodies of crystal-rich mush that could be enriched to different degrees in incompatible elements; these geochemical differences are represented by the different colors (blue and green) of crystals in the different mush bodies. (c) Cross-axis and along-axis sections through the mid-crustal magmatic system following a recent influx of new magma from deeper in the system. Recharge magma mixes with resident bodies of mush, temporarily forming a body of hybridized, eruptible magma bearing zoned crystals whose cores may retain information about the compositions of the mixing end-members. A shallow axial melt lens has been seismically imaged at $1Á7 km below the seafloor (Blacic et al., 2004) , with deeper regions of crystal-rich mush indicated by modeling of seismic data by Canales et al. (2014) . Box shows location of cross-axis views shown in (b) and (c). (b) Cross-axis and along-axis sections through a shallow magmatic system that has not been very recently recharged with magma. In this case, a thin, melt-dominated lens overlies the larger region with higher crystallinity. Hydrothermal circulation penetrates the crust overlying the melt lens; hydrothermal brines and/or hydrothermally altered crust can be assimilated into melt lens. As the melt lens cools, some portions can become isolated, allowing them to cool and crystallize to reach advanced extents of differentiation. (c) Cross-axis and along-axis sections through recently recharged shallow magmatic system. Recharge magma mixes with resident magma in melt lens. In this case, the melt-dominated lens is thicker, hotter, and more continuous along axis than it was prior to recharge. Mixing in the melt lens could be more complex than shown here if the new magma enters the lens at multiple locations along the axis. 2015). Magmatic recharge is infrequent, occurring on timescales of several hundred to one thousand years. In the intervals between magmatic recharge events, magma cools and crystallizes within bodies of crystalrich mush (Fig. 21b) that is unlikely to be easily eruptible. During recharge events, relatively crystal-poor magma mixes with resident crystal-rich mush, forming hybridized magmas with abundant, strongly zoned, compositionally diverse crystals (Fig. 21c) . Recent magmatic recharge is likely to be a prerequisite for eruption at this location, with amagmatic spreading accommodating seafloor spreading in the interims.
In contrast, eruptions at 92 W are fed from relatively shallow [$1Á7 km below seafloor (bsf); Blacic et al., 2004] , melt-dominated lenses (Fig. 22a) . Magma recharge occurs more frequently than at 95 W (probably at least once every 50 years, on average), at a rate that allows the melt lens to persist between recharge events; both the volume and temperature of the melt lens fluctuate as a function of magma being added to the system via recharge, cooled via hydrothermal and conductive cooling to the surrounding crust, and removed during eruptions ( Fig. 22b and c) . During recharge events, new magma enters an already meltdominated, crystal-poor magma body, resulting in relatively few zoned phenocrysts being present to record the mixing that has occurred.
At similar magma supply (e.g. the Juan de Fuca Ridge), axial melt lenses are at similar to slightly greater depth (2Á1-2Á6 km; Carbotte et al., 2006) than at 92 W on the GSC. At significantly higher rates of magma supply, such as at the fast-spreading EPR and super-fastspreading southern EPR, axial melt lenses are present at even shallower depths within the crust [e.g. average of 1Á6 km bsf between 8 20'N and 10 10'N on the EPR (Carbotte et al., 2013) ; 0Á8-1Á4 km bsf between 14 S and 20 S on the Southern EPR (Hooft et al., 1997) ]. The large amounts of heat required to sustain a magma body in such close proximity to active hydrothermal systems suggest that magmatic recharge at the EPR locations may occur nearly continuously (e.g. Sinton & Detrick, 1992; Bergmanis et al., 2007) , allowing conditions within the melt lens to more closely approximate a steady state than along the GSC at 92 W. Although magma mixing would be a ubiquitous process at these high rates of magma supply, evidence of mixing may be elusive owing to the low crystallinity of the mixing magmas.
CONCLUSIONS
Erupted compositions at two contrasting sites on the Gal apagos Spreading Center provide strong constraints on how magmatism and magma chambers at midocean ridges respond to variations in magma supply. At the low magma supply study area, magma recharge is probably infrequent, occurring with periodicity of several hundred to one thousand years, between which little to no eruptible magma reservoir is present within the crust. Crystallization within this mush-dominated magmatic system produces trends reasonably approximated by in situ crystallization, leading to systematically higher incompatible element concentrations and ratios of highly to moderately incompatible elements at low MgO contents. During recharge events, relatively crystal-poor magma mixes with crystal-rich mush; mixing of high-and low-MgO magmas moderates the compositional range of erupted lavas (6Á2-9Á1 wt %). The melt portions of the mixed magmas apparently are able to equilibrate somewhat prior to eruption, as indicated by relatively uniform glass compositions within single eruptive units. Zoning and other disequilibrium textures in minerals (olivine, clinopyroxene, and plagioclase) are common, however, indicating that the time interval between mixing and eruption is short. Recent recharge lowers the overall crystallinity and viscosity and is probably a prerequisite for eruption at the low magma supply study area, where eruptions are typically larger in volume than at high magma supply. Prior to eruption, magma is stored at greater depth within the crust (3-3Á4 km) than at 92 W, farther from shallow hydrothermal systems, and over-enrichments in Cl (and other assimilation-related signatures) are not observed in lavas from this study area.
At the high magma supply study area, eruptions are fed by a relatively shallow ($1Á7 km), melt-dominated lens in close proximity to a robust hydrothermal system; relatively low-MgO lavas have over-enrichments in Cl that are best explained by assimilation of brine. The shallow, melt-dominated magma reservoir is recharged with new batches of magma frequently enough (probably every 50 years or less) to sustain a melt lens between recharge events, despite efficient hydrothermal cooling. Because of the persistence of the melt lens, magmatic recharge is not required prior to each eruption; eruptions on average are smaller in volume than at the low magma supply study area. Temperatures within the melt lens over the last several hundred years have varied by at least 100 C (1070-1170 C); cooling rates within the melt lens are estimated to be greater than 0Á5 C per year. Efficient fractional crystallization within the melt lens results in the eruption of nearly aphyric lavas with widely varying MgO contents (2Á7-8Á2 wt % MgO). Mixing of magmas within the melt lens moderates the trace element compositions of erupted lavas, however, which are less variable than those at the low magma supply study area. Small bodies of magma may become isolated from the larger magmatic system, allowing more extreme degrees of fractionation (reaching basaltic andesite compositions). If similarly low-MgO magmas are produced at the low magma supply study area, they may be too crystal-rich to be erupted, and the less frequent magma recharge events may prevent remobilization and eruption of such magma bodies.
An important implication of this study is that persistent melt lenses at intermediate rates of magma supply need not be 'steady-state' melt lenses. Only by documenting compositional variations in a sequence of single erupted lava flow fields at a given location can the temporal variability in parental magmas and magma reservoir properties be adequately described.
FUNDING
